Storage experiments on garlic (Allium sativum L.) bulbs were conducted to elucidate the causes and prevention of green discoloration (greening) of garlic puree, a severe problem in garlic processing. Greening of the pureed bulbs increased with the accumulation of S-(E-1-propenyl)-l-cysteine sulfoxide (isoalliin), which is metabolized from N-(γ-glutamyl)-S-(E-1-propenyl)-l-cysteine (Glu-PEC) during cold storage (3℃). Greening was reduced by warm storage ( > 25℃) of the cold pre-stored bulbs, with an accompanying decrease in isoalliin. Accumulated isoalliin in the garlic bulbs during cold storage was converted to 5-methyl thiomorpholine-3-carboxylic acid sulfoxide (cycloalliin) with warm storage ( > 25℃). The relationship between warm storage conditions (temperature, duration) and decreases in isoalliin content were presumed to be applicable to a first order-Arrhenius equation. Two-week storage of the ingredient garlic bulbs at 40℃, after cold pre-storage at 3℃ for 12 weeks, sufficiently reduced greening of the processed puree to maintain the commercial quality of the bulbs.
Introduction
A severe yet poorly understood problem related to garlic (Allium sativum L.) processing is the occasional green discoloration (greening) of products such as puree and pickles (Rejano et al., 1997; Lee et al., 2007; Block, 2010) . An important complication is that garlic sometimes develops greening and other times does not, even when the same cultivar is harvested simultaneously from the same field. The greening mechanisms have not been elucidated adequately, despite having been studied for more than 50 years (Joslyn and Sano, 1956) . Although greening prevention methods have been reported (Bae and Lee, 1990; Kim et al., 1999) , further knowledge of the greening mechanisms is necessary to sufficiently control greening.
It was reported previously that the greening of garlic products results from the accumulation of S-(E-1-propenyl)-L-cysteine sulfoxide (isoalliin; Lukes, 1986) . Recently, it was reported that S-(2-propenyl)-L-cysteine sulfoxide (alliin) is also a discoloration factor (Kubec et al., 2004; Imai et al., 2006a) . In contrast to alliin, isoalliin is usually abundant in onion but scarce in garlic (Yamazaki et al., 2011) . Reportedly, the alliinase (EC 4.4.1.4) product of isoalliin, presumed to be 1-propenyl 1-propenethiosulfinate, reacts with amino acids to produce pigment precursors. The pigment precursors subsequently react with 2-propenyl 2-propenethiosulfinate (allicin; an alliinase product of alliin) to produce the pigments (Imai et al., 2006b) . These facts have elucidated the involvement of these amino acids, isoalliin and alliin, in greening. Moreover, these studies have provided clues to resolving the chemical mechanisms associated with the greening phenomenon.
The cause of greening is thought to be related to storage conditions. Regarding the putative relationship between garlic bulb storage conditions and the processed puree, greening reportedly occurs in the puree when the bulbs have been stored at cold temperatures (3℃ or 12℃). In contrast, discoloration is lessened by storing bulbs at room temperature were isolated from garlic cloves or onion bulbs. Isolation procedures were performed similarly to those described in the literature, with minor modifications (Ueda et al., 1990; Lawson et al., 1991; Mütch-Eckner et al., 1993) . Their structures were assessed using nuclear magnetic resonance spectra and mass spectra. Reagents were of analytical grade or high-performance liquid chromatography (HPLC) grade (Wako Pure Chemical Industries Ltd., Osaka, Japan).
Instrumentation Constant temperature treatments were conducted using incubators (MTI-201B, Tokyo Rikakikai Co. Ltd., Tokyo, Japan or MIR-153; Sanyo Electric Co. Ltd., Oosaka, Japan). UV and visible spectra were measured using a spectrophotometer (U-2010, Hitachi Ltd., Tokyo, Japan). Color values were measured using a color meter (CR200, Minolta Co. Ltd., Tokyo, Japan). HPLC (Waters Corp., MA, USA) was conducted using a solvent controller (600S), a photodiode array (PDA, 996) detector and an auto sampler (717plus).
Storage treatment of garlic bulbs Garlic bulbs harvested in 1999 were stored at 3℃ or 25℃ for 18 weeks. Portions of the bulbs stored at 25℃ for 2 or 4 weeks were stored at 3℃ (Table 1) . Bulbs harvested in 2001 were stored at 3℃ or 25℃ for 12 weeks. The bulbs stored at 3℃ were transferred to 25℃, 30℃, 35℃, 40℃, or 45℃ storage.
The periodically withdrawn bulbs (11 bulbs, 1999; 5 bulbs, 2001) were hand peeled to cloves and stirred to decrease their individual differences. Next, half of the cloves was used for the processed puree discoloration assay, while the remainder was used for analysis of S-alk(en)yl-L-cysteine derivatives.
Discoloration of processed purees prepared from stored garlic bulbs The garlic cloves, base-stem removed, were homogenized with the same gravity of 2% (w/v) citric acid using a food blender for 5 min to prepare the purees. The purees (200 g, pH = 3.8) were put into colorless plastic bags and sealed. They were heated at 80℃ for 30 min, then cooled with running water. The packed purees were stored in an incubator (25℃) for one day to stabilize their discoloration. The degree of discoloration was estimated from supernatants at an absorbance of 590 nm (OD 590 ) as the characteristic vis-(23℃ or 28℃, 18 days; Lukes, 1986) .
Isoalliin content in garlic cloves reportedly increased with an accompanying decrease in N-(γ-glutamyl)-S-(E-1-propenyl)-L-cysteine (Glu-PEC) during cold storage (4℃). Furthermore, accumulated isoalliin was converted to 5-methyl thiomorpholine-3-carboxylic acid sulfoxide (cycloalliin) in garlic cloves during warm storage (25℃ or 35℃, 30 days; Ichikawa et al., 2006) . It was also reported that the activity of γ-glutamyl transpeptidase (GGT), which catalyzes the reaction from Glu-PEC to isoalliin, was increased during cold storage (4℃), with an accompanying increase of greening. Furthermore, GGT activity and the degree of greening were lessened by warm storage (35℃, 30 days; Li et al., 2008) . Results of these recent storage studies are important for developing preventive methods for greening; however, no detailed reports have described the relationship between the greening of processed puree and the constituents of stored bulbs.
We have examined the relationship between the degree of discoloration in processed garlic purees and the constituents of bulbs during cold/warm storage. The storage temperature, in particular, was studied to clarify the effects of storage conditions. This study clarifies the effects of storage conditions (temperature, duration) on garlic bulbs with respect to the greening of processed puree and the content of causative agents (isoalliin and related compounds) in the bulbs, as well as practical methods for preventing the greening of processed garlic products.
Materials and Methods
Materials and reagents Garlic (Allium sativum var. Fukuchi white, harvested in Aomori prefecture, Japan) bulbs were purchased from a farmer in Aug. 1999 and Sep. 2001 . They were stored under the conditions described below immediately after purchase. Reference compounds of S-alk(en) yl-L-cysteines ( Fig. 1) , isoalliin, cycloalliin and Glu-PEC, y. yamazaKi et al.
Fig. 1.
Structures, reactions and abbreviations of compound names described in this study. Abbreviations of treatments 3, 3, 3 25, 3, 3 25, 25, 3 25, 25, 25 From each powdered sample, three sample solutions were prepared. The resulting solutions were cleaned up with a cartridge (Bond Elute SCX Jr. 500 mg; Varian Inc., CA, USA). The cleaned-up solutions were then evaluated using HPLC. The HPLC conditions were as follows: column, 5 µm, 80 Å, 250 mm × 4.6 mm i.d. at 45℃ (Capcell Pak SCX UG; Shiseido Co. Ltd., Tokyo, Japan); flow rate, 1 mL/min; mobile phase, 10 mmol/L-potassium dihydrogen phosphate, pH 2.50; quantitative wavelength, 210 nm. The acquired values were calculated as dry matter with moisture contents of the sample powders determined by measuring weight loss at 105℃.
Results

Effect of bulb cold storage on degree of discoloration in processed purees (examined in 1999)
The degree of puree discoloration is presented in Fig. 3 (A) . Purees prepared from bulbs stored at 25℃ were cream-colored (OD 590 < 0.01) for a 10 week duration, similar to the puree at beginning of the experiment, gradually discoloring (at 18 weeks, OD 590 = 0.20) ible wavelength (Fig. 2) . The purees were centrifuged (5,000 rpm, 30 min), and absorbance at 590 nm and 800 nm of the acquired supernatants was measured. The difference in the two values was calculated as OD 590 to eliminate the interference of turbidity.
Surface color of the purees prepared from bulbs harvested in 2001 was measured along those in the colorless plastic bags, in addition to OD 590 measurement. Surface color of the purees before centrifugation was measured using a color meter at five points on the outer surface of the packages. Quality evaluation of the treated bulbs The surface color of 5 cloves of treated bulbs harvested in 2001 were assessed using a color meter. The average values were recorded as CIE-1976 (L*, a*, b*) values. The degree of discoloration was estimated using ΔE*ab, as described above. Additionally, the weight loss in treated bulbs was determined.
HPLC analysis of S-alk(en)yl-l-cysteines in stored garlic samples
The treated garlic cloves were sliced after they were frozen. Then, the base-stems were removed and the samples freeze-dried. The freeze-dried samples were powdered using a food blender and stored at −20℃ until analysis. The sample powders were evaluated according to procedures previously described (Yamazaki et al., 2011) . Briefly, the sample powders (500 mg) were extracted with 25 mL of methanol-water-formic acid (50:50:1, v/v/v).
Garlic Bulb Storage and Puree Greening Absorbance is shown as difference from 800 nm. Structures of the compounds and abbreviated names are presented in Fig. 1 . Abbreviations of storage conditions of garlic bulbs are described in Table 1 . Absorbances (OD 590 ) are shown as difference from 800 nm.
was an opposite relation to that of isoalliin (Fig. 3 (C) ).
Effect of warm storage of cold stored bulbs on the degree of discoloration in processed purees (examined in 2001)
Two kinds of discoloration values, OD 590 and ΔE*ab, are presented in Table 2 . The values of the purees prepared from bulbs stored for 2 weeks at 25 − 40℃, showed high correlation (r = 0.967, n = 8, P <0.01), meaning that ΔE*ab values can be substituted for OD 590 values to evaluate greening.
The examined warm stored bulbs were pre-stored (at 3℃ for 12 weeks) and then pureed to assess greening (OD 590 = 0.37, ΔE*ab = 28.5). The relation between processed puree color and bulb storage conditions revealed that the degree of greening decreased with increased storage temperature and duration. However, purees prepared from bulbs stored at 25 and 30℃ remained green (OD 590 >0.12, ΔE*ab >13.3) even after 2 weeks storage. Those prepared from bulbs stored for one week at 35℃ and 40℃ were pale green (OD 590 >0.03, ΔE*ab >5.9). Those stored for 2 weeks at 35℃ mostly retained their original cream color (OD 590 = 0.03, ΔE*ab = 3.7). Those stored for 2 weeks at 40℃ were almost their original cream color, but slightly brown (OD 590 = 0.03, ΔE*ab = 2.4). Purees prepared from bulbs stored for one week at 45℃ were slightly green (OD 590 = 0.02, ΔE*ab = 4.8). Those from bulbs stored for 2 weeks were not green (OD 590 = 0.02), but an intense brown ((L*, a*, b*) = (60.5, −2.7, +15.5; ΔE*ab = 15.6).
to not green but brown. However, the purees prepared from bulbs stored at 3℃ turned green after 4 weeks storage, the puree discoloration intensified concomitantly with storage time (at 18 weeks, OD 590 = 0.83). The purees prepared from bulbs transferred to 3℃ from 25℃ turned green 4 weeks after the change in storage temperature; the intensity of the puree color was related to bulb storage time. The temperature change treatments were done at 2 and 4 weeks of the examination, revealing similar phenomena.
Effect of cold storage on bulb S-alk(en)yl-l-cysteine contents (examined in 1999) The contents of isoalliin and Glu-PEC in treated bulbs are presented in Fig. 3 (B) . The contents of isoalliin in the bulbs stored at 25℃ showed no marked change during 18 weeks. Isoalliin content in bulbs stored at 3℃ showed a remarkable increase (0.4 to 5.3 mmol/100 g dry wt.) during 18 weeks. Isoalliin content in bulbs stored at 3℃ and degree of discoloration (OD 590 ) was highly correlated (r = 0.945, n = 8, p <0.01). Isoalliin content in bulbs transferred to 3℃ from 25℃ increased after the change in storage temperature.
Glu-PEC content in bulbs stored at 25℃ showed no marked change during 18 weeks (3.1 − 2.5 mmol/100 g dry wt.). Glu-PEC content in bulbs stored at 3℃ showed a remarkable decrease (3.1 to 0.7 mmol/100 g dry wt.) during 18 weeks. Glu-PEC content in bulbs transferred to 3℃ from 25℃ decreased after the storage temperature change, which y. yamazaKi et al. Table 2 . Effects of warm storage of garlic bulbs, after cold storage, on processed puree color, clove S-alk(en)yl-L-cysteine contents, and surface color of treated cloves. Fig. 1 . Initial contents of isoalliin, cycloalliin and Glu-PEC were, respectively, 0.8 ± 0.1, 1.1 ± 0.1 and 2.7 ± 0.1 mmol/100 g dry wt.
The correlation between calculated values and actual data in Table 2 was good: r = 0.972 (n = 11, p < 0.01).
Effect of warm storage of cold stored bulbs on bulb quality (examined in 2001)
Clove surface color and weight loss of the warm stored bulbs were assessed to evaluate their commercial quality (Table 3 ). The clove surface color of bulbs warm stored for 2 weeks at 45℃ showed remarkable brown discoloration ((L*, a*, b*) = (76.6, +1.3, +31.7); ΔE*ab = 16.7), whereas cloves of bulbs stored 2 weeks at 25 − 40℃ showed only slight discoloration (ΔE*ab < 1.8). The weight loss of bulbs stored at 45℃ was remarkable; 16% loss with 1 week and 22% loss with 2 weeks storage, compared to 4 − 7% loss with 2 weeks storage at 25 − 40℃.
Discussion
Storage of garlic bulbs at 3℃ was presumed to cause greening of the processed puree, as purees prepared from 3℃-stored bulbs showed greening. This contrasted with those prepared from 25℃-stored bulbs, which showed no discoloration for at least ten weeks. To clearly define the effect of 3℃ storage, a storage temperature change from 25℃ to 3℃ was conducted twice, at 2 and 4 weeks. Purees from cloves exposed to the two storage conditions developed greening, in contrast to bulbs not exposed to changes in storage temperature. This result clearly showed that the cause of puree greening is related to the sensing of low temperatures by the garlic bulb. Therefore, different storage temperatures elicit different degrees of puree greening, even for the same cultivar of garlic, cultivated in the same field and year and with the same processing method. Another important implication of the results is that warm storage of the bulbs at about
Effect of warm storage of cold stored bulbs on S-alk(en) yl-l-cysteine contents (examined in 2001)
The effects of warm storage are presented in Table 2 . The time course of contents in the bulbs exposed to warm storage (including cold pre-storage) is shown in Fig. 4 . Isoalliin content was increased by 4.0 mmol/100 g dry wt. (from 0.8 to 4.8 mmol/100 g dry wt.) during 12 weeks cold pre-storage, Glu-PEC was decreased by 1.9 mmol/100 g dry wt. (from 2.7 to 0.8 mmol/100 g dry wt.), as for the experiment in 1999. The change in storage temperature from 3℃ to 35℃ resulted in a 4.0 mmol/100 g dry wt. decrease in isoalliin content (from 4.8 to 0.8 mmol/100 g dry wt.), and an increase of 3.1 mmol/100 g dry wt. in cycloalliin content (from 1.2 to 4.3 mmol/100 g dry wt.). Isoalliin content and degree of greening decreased with increased storage temperature and duration. Contents of isoalliin and cycloalliin in bulbs stored for 2 weeks at 45℃ were 0.1 and 5.4 mmol/100 g dry wt., respectively.
The relation between warm storage conditions (temperature, duration) of bulbs and reduction of isoalliin content were calculated from the warm storage data (0, 1, 2 weeks warm storage at 25 − 45℃; Table 2 ), and are presumably applicable to a first-order Arrhenius equation:
where t represents the warm storage duration (day), T denotes the warm storage temperature (K), and [isoalliin] t signifies the content (mmol/100 g dry wt.) of isoalliin in cloves after t days storage.
Garlic Bulb Storage and Puree Greening Structures of the compounds and abbreviated names are presented in Fig. 1 . Analyzed garlic bulbs are the same treated samples as those presented in Table 2 . conversion reaction, isoalliin → cycloalliin, was accelerated. Reportedly, intermolecular conversion is accelerated under natural basic pH condition in in vitro experiments (Ueda et al., 1994; Ichikawa et al., 2006) . Ichikawa et al. (2006) also reported that this conversion is accelerated by warming (25℃ or 35℃, 30 days) in raw cloves. Our result showed that isoalliin content and degree of greening decreased with increased storage temperature and duration. The relation between the warm storage conditions (temperature, duration) of the bulbs and reduction in isoalliin content were presumed to be applicable to a first-order Arrhenius equation. This equation might become a useful indicator in establishing warm storage conditions to reduce greening.
To prevent greening, the upper limit of the storage temperature was 40℃, as judged from the degree of puree discoloration, as it produced browning, not greening. The commercial quality of the treated bulbs, with respect to clove discoloration and weight loss, was maintained for the 2 week duration at less than 40℃. The storage temperature limit is considered to be about 40℃, from the perspective of the quality of both processed puree and treated bulbs.
Warm storage of bulbs, to reduce greening of processed puree, was accompanied by an accumulation of cycloalliin. Cycloalliin reportedly lowers blood pressure and reduces serum triglycerol levels in rats (Agarwal et al., 1977; Yanagita et al., 2003) . Therefore, the use of warm storage to prevent greening, as described in this report, presumably also enhances the bio-activity of treated garlic (Yamazaki, 2005) . To acquire cycloalliin-rich garlic, the bulbs should be pre-stored under cold conditions (at about 3℃, > 10 weeks) to allow for isoalliin accumulation, and subsequently stored under warm conditions (at 35℃ or more) to accelerate the conversion of isoalliin to cycloalliin. Moreover, warm storage at 40℃ for 2 weeks, following cold pre-storage at about 3℃ for more than 3 months, can produce cycloalliin-rich garlic bulbs without a noticeable change in appearance.
25℃ prevents greening of the processed puree.
A remarkable increase of isoalliin in garlic bulbs was observed during cold storage. Bulb isoalliin content and the degree of discoloration in the processed puree showed high correlation. Additionally, results of alterations in bulb storage temperature, from 25℃ to 3℃, on isoalliin content were related to the degree of greening of processed purees. Lukes (1986) reported that isoalliin is the governing factor in greening because purees from bulbs with high isoalliin content showed greening; the amount of added isoalliin to ungreened puree and degree of greening was highly correlated. Although both isoalliin and alliin are necessary for greening (Kubec et al., 2004; Imai et al., 2006a) , the degree of greening is mainly restricted by bulb isoalliin content because isoalliin is scarcer than alliin (Ichikawa et al., 2006; Yamazaki et al., 2011) .
Accumulation of isoalliin during storage at 3℃ results from the metabolism of Glu-PEC, which is the precursor of isoalliin during dormancy Shaw, 1989, 1991) . Furthermore, metabolism of Glu-PEC → isoalliin begins with the breaking of dormancy (sprouting), after sensing of low temperatures (Lawson et al., 1991; Bai et al., 2005; Li et al., 2008) . The cause of the isoalliin accumulation described above was reconfirmed by our results reported herein, especially from storage-temperature-change experiments from 25℃ to 3℃. Based on our two-year experiment, the degree of isoalliin accumulation during cold storage was about two times greater than the decrease in Glu-PEC. Although this difference might imply another source of isoalliin, further study is necessary to explain this result. Although some reports have described a reduction of greening with additives such as cysteine (Bae and Lee, 1990; Kim et al., 1999) , it is preferable that the ingredient bulbs themselves be prevented from greening, without the use of additives. This study demonstrated that cold-stored bulbs, whose processed puree showed greening, reverted to their original cream color during warm storage, with an accompanying decrease in isoalliin. A similar report described that purees did not show greening when bulbs were placed at room temperature (23, 28℃) for 18 days (Lukes, 1986) . Although this recovery effect concurs with our result, the effective temperatures were lower than those we observed. Differences in effective temperature might be derived from the degree of isoalliin accumulation in the examined bulbs, with respect to the degree of puree greening in the two experiments. We examined more practical treatment conditions (temperature and duration) on bulbs with sufficient accumulation of isoalliin, and found that 2 weeks treatment at 40℃ was the most effective condition, as described below.
As a recovery mechanism, presumably, the intermolecular
